Selective laser sintering (SLS) of metal powder is an emerging technology by which metal parts can be fabricated in a layer by layer fashion. SLS of the first layer is modeled as melting and resolidification of a metal powder layer subject to a moving heat source on top, while the bottom is adiabatic. SLS of the consecutive layer is modeled as melting and resolidification of a metal powder layer on top of the existing multiple resolidified layers. The results indicate that the thicknesses of the loose metal powder layer, the moving heat source intensity, and the scanning velocity have significant effects on the sintering process in both the first layer and each subsequent layer. A parametric study is performed, and the best combination of processing parameters is recommended.
INTRODUCTION
Solid freeform fabrication (SFF) is an emerging technology in the rapid prototyping field. Direct selective laser sintering (SLS) of metal powders is a desirable SFF process by which functional and fully dense metal parts can be manufactured layer by layer from computer-aided design (CAD) data in a short time period and relatively few number of stages [1] . High-power continuous-wave CO 2 lasers and near-infrared pulsed Nd:YAG lasers are both commonly used in direct SLS processes. In most applications, a CO 2 laser is used so that the powder is nearly homogeneously heated and sintered.
The direct SLS process is complex; therefore, the specific metal powders used must be chosen carefully. One problem in the metal powder sintering process is the ''balling'' phenomenon, which is the formation of a series of spheres with the approximate diameter of the laser beam. The tensile force on the surface of the molten metal is not enough to force the metal liquid into a horizontal layer-wise geometry, because the molten metal is contained entirely by loose powders rather than fully dense material. Another problem lies in achieving dimensional stability during the sintering process. This results from shrinkage, causing poor bonding between the scanning lines and layers. Two different metal powder systems have been developed in order to solve the problems mentioned above. One is the single-component powder approach, which overcomes the ''balling'' phenomenon by scanning at very high velocities with very small beam spot sizes [2] , and the other is the two-component powder approach, which uses two types of the metal powders possessing significantly different melting points [3, 4] . The high-melting-point powder remains solid in the sintering process and plays an important role as the support structure necessary to avoid ''balling.'' Solidification of the low-melting-point metal bonds the high-meltingpoint metal powder particles together to form the part layers. The particular material properties and methods of material analysis of the metal-based powder system for SLS applications are addressed by Storch et al. [5] . Effects of laser sintering processing parameters on the microstructure and densification of iron powder were investigated by Simchi and Pohl [6] . A case study on the development of direct metal laser sintering for rapid tooling was performed by Simchi et al. [7] . A thorough examination of direct SLS in addition to fundamental issues in SFF was addressed by Lu et al. [8] .
Melting and resolidification are the mechanisms that bond powder particles together to form a part layer, and they are also the mechanisms that bond different layers together to form a functional part. Fundamentals of melting and solidification have been investigated extensively, and detailed reviews are available in the literature [9, 10] . The distinctive feature of melting in SLS of a two-component metal powder is the significant density change due to shrinkage, which was demonstrated experimentally by Zhang et al. [11] and by Buckley and Bergman [12] . The powder layer collapses upon melting of low-melting-point metal powder particles, since the highmelting-point metal powder alone cannot sustain the powder-layer structure. The liquid-solid phase change during melting of a two-component packed bed was investigated by Mughal and Plumb numerically [13] , and a constant-porosity model was developed. A one-dimensional melting problem in a semi-infinite powder bed containing a two-component powder mixture subjected to constant heat flux heating was solved analytically by Zhang and Faghri [14] . An analytical solution of onedimensional melting of the two-component metal powder layer with finite thickness was obtained by Chen and Zhang [15] . A two-dimensional transient model of the laser melting problem with a moving laser beam, in which the interface energy balance was neglected, was developed by Chan et al. [16] . A two-dimensional steadystate laser melting problem using an alternative direction implicit (ADI) scheme with a false transient formulation was solved by Basu and Srinivasan [17] . Melting and resolidification of a subcooled semi-infinite two-component metal powder bed with a moving Gaussian laser beam was simulated by Zhang and Faghri [18] , which is an approximation of SLS for the first layer of metal powder. SLS is a process by which a functional part is fabricated by sintering metal powder layers together layer by layer, with the exception of the first layer; each layer is fabricated by sintering a loose powder layer on top of an existing sintered layer. The effects of the dominant processing parameters, such as moving laser beam intensity and scanning velocity on the two-dimensional sintering process in the finite loose metal powder layer, without or with existing sintered layers below, are considered in the present article. A thorough parametric study will be conducted, and an empirical correlation will be proposed.
PHYSICAL MODEL AND PROBLEM STATEMENT
Direct SLS of metal powder is a three-dimensional transient melting and resolidification problem, since the laser beam is moving over the powder layer and has a very small diameter compared with the dimension of powder layer. It is economical to simulate the sintering process in a two-dimensional, two-component metal powder layer before the real three-dimensional SLS is attempted. Figure 1 shows (a) the first layer of the SLS process and (b) a later layer with several previously sintered layers below. The physical domain is considered to be infinite horizontally, but finite vertically. A moving Gaussian laser beam interacts with the top surface of the loose powder, and then melting is induced. In addition to having a complete understanding of the sintering process in the first layer, it is important to identify the best combination of processing parameters that allow complete sintering of the loose powders and secure bonding of the newly sintered layer to any existing sintered layers. During the simulation, the sintering depth is permitted to slightly exceed the interface of the loose powder layer and the next existing sintered layer, so that each layer can be bonded together tightly. 
636
T. CHEN AND Y. ZHANG
The following assumptions are made for the physical model.
1. Melting and resolidification in SLS is a conduction-controlled phase-change problem. 2. The thermal properties of the low-melting-point powder are the same for both liquid and solid phases. 3. Two kinds of metal powders are fully mixed, and the initial porosity is uniform. 4. The bottom of the computational domain for both cases is adiabatic. 5. The horizontal dimension of the powder layer is significantly larger than the diameter of the laser beam.
The physical model is formulated using a temperature-transforming model, which converts the enthalpy-based energy equation into a nonlinear equation, with temperature as the only dependent variable. In this methodology, the solid-liquid phase change is assumed to occur in the very small temperature range ðT
. The beauty of the temperature-transforming model is that a converged solution can always be obtained without limitation on grid size and time step for the conduction-controlled phase-change problem. It can also successfully model convection-controlled solid-liquid phase-change problems. A moving coordinate system, of which the origin is fixed at the center of the heat source and moved together with it at speed u, is employed. If one observes from the origin, the powder layer travels at a velocity Àu in the moving direction opposite the laser beam. Therefore, a convection term is introduced into the governing equation. The dimensionless governing equation for the physical problem is
where the dimensionless variables are defined in the Nomenclature. The dimensionless shrinkage velocity W, heat capacity C, source term S, and thermal conductivity K in Eq. (1) in the loose powder layer are different from those in previously sintered layers below. In the loose powder,
In the resolidified region at the left side of the liquid pool and the existing sintered layers below the loose powder layer,
where K eff is the dimensionless effective thermal conductivity of the loose powder region and K p is dimensionless thermal conductivity in the sintered region [18] . The corresponding boundary conditions of Eq. (1) are as follows:
The location of the liquid surface is related to the sintered depth with the assumption that the sintered layers are fully densitified, i.e., T. CHEN AND Y. ZHANG
(1) with the false transient term can be discretizied by the finite-volume method [20] . A block-off technique recommended by Patankar [20] is employed to deal with the irregular geometry of the liquid pool caused by the downward movement of the top liquid surface due to shrinkage. Therefore, the computational domain is transferred into a regular rectangle shape and the density and thermal conductivity in the empty space created by the shrinkage are set to zero. The power-law scheme [20] is used to discretize the convection-diffusion terms. A very small dimensionless phase-change temperature range, DT ¼ 0:001, is used in the simulation, in order to simulate melting and solidification occurring at a single temperature.
To simulate the sintering process in the finite loose metal powder layer without existing sintered layers below, the computation is carried out for a nonuniform grid in the X direction and a uniform grid in the Z direction. The origin of the coordinate system (X ¼ 0, Z ¼ 0) is located at the center of the top surface of the computational domain in the X direction. When there are existing sintered layers below, nonuniform grids are employed in both X and Z directions. The dimensionless thickness of each existing sintered layer can be determined by using the porosity and thickness of the loose powder layer, as indicated in the preceding section. The numerical solution is carried out for nonuniform grids in the X direction, in which the fine grids are distributed around the origin symmetrically. The fine grids zone in the X direction is greater than the width of the moving heat source. For the nonuniform grids in the Z direction, the fine grids are distributed uniformly in the loose powder layer, and the consecutive coarse grids in multiple sintered layers are set up in arithmetic progression. The grid number used in the present article is 1226(32-47), depending on the number of existing sintered layers below. Finer grid sizes were also used, but their results did not provide a noticeable difference from the present grid size.
In addition to simulating the sintering process in the single loose powder layer, the optimized combination of heat source intensity and scanning velocity is obtained when the sintering depth penetrates the bottom surface of the loose powder layer with existing sintered layers below. In order to trace the sintering depth, a small value of heat source intensity associated with a specific scanning velocity is assigned at first. The dimensionless false time step cannot be too large, since the convection term appears in the governing equation. The false time step used in the present article is Dt ¼ 0:01 for N 10 and Dt ¼ 0:001 for N ¼ 50. The value of the laser beam intensity is increased slightly if the sintering depth doses not increase from that of the previous heat source intensity. As the sintering depth approaches the bottom surface of the loose powder layer, the dimensionless false time step and the laser beam intensity are incrementally shifted to smaller values in order to obtain a more accurate solution. The computing procedure is finished when the sintering depth penetrates the bottom surface of the loose powder layer.
RESULTS AND DISCUSSION
Direct SLS was simulated in a loose powder layer with 0, 1, 2, 3, 5, 10, and 50 previously sintered layers below. The effects of dimensionless moving heat source intensity, dimensionless scanning velocity, and underlying number of previously sintered layers, which are dominant parameters for a two-dimensional sintering process, is investigated numerically. The effect of the subcooling parameter on the sintering process is also investigated.
The sintering process in the first layer is investigated first. Figure 2a shows the effect of the dimensionless laser beam intensity on the sintering process (D ¼ 0:25, N ¼ 0). It can be seen that the sintering depth increases significantly with increasing laser beam intensity, as well as the fact that the entire liquid pool moves slightly toward the positive X direction as the laser beam intensity increases. The liquid pool is quite large in the upper part, but rapidly slims down as the depth increases and is more regularly shaped as the laser beam intensity increases. When the sintering depth reaches the bottom surface of powder layer, the liquid pool becomes full. Figure 2b shows the effect of the scanning velocity on the sintering process (D ¼ 0:25, N ¼ 0). It can be observed that the sintering depth decreases as the scanning velocity increases, due to the fact that the interaction between the moving heat source and the powder layer is decreased when the heat source is moved faster. The whole liquid pool moves slightly toward the opposite direction of the heat source motion as the scanning velocity increases. Figure 3a shows the effect of the dimensionless moving laser beam intensity on the sintering process (D ¼ 0:50; N ¼ 0Þ. It is apparent that the sintering depth increases with increasing laser beam intensity. The liquid pool also moves slightly toward the opposite direction of the heat source motion with increasing laser beam intensity. Compared with the case in Figure 2a , larger laser beam intensity is needed in order to sinter the powder layer at the same scanning velocity, since more heat is conducted into the loose powder due to the thicker powder layer. The effect of the scanning velocity on the sintering process (D ¼ 0:50; N ¼ 0) is shown in Figure 3b . As can be seen, the sintering depth decreases when the scanning velocity increases from 0.125 to 0.15. The shape of the liquid pool is similar to that in Figure 2b . The effect of the dimensionless moving heat source intensity on the sintering process (D ¼ 1:0; N ¼ 0) is shown in Figure 4a . Figure 4b shows the effect of the scanning velocity on the sintering process (D ¼ 1:0; N ¼ 0). Similar phenomena can be found in Figures 2 and 3 .
In order to obtain the best combination of processing parameters when there are multiple existing sintered layers below, the sintering process is simulated when the dimensionless thickness of the top loose metal powder layer is 0.25. Figure 5 shows the combined effects of dimensionless moving heat source intensity and scanning velocity on the sintering process when there is one sintered layer below. The optimized laser beam intensities are shown in parentheses. The sintering depth penetrates the loose powder layer slightly in order to bond the newly previously layer to the existing sintered layer. It can be seen that the shapes of the liquid pools are all similar as the scanning velocity increases. The entire liquid pool also shifts slightly toward the negative X direction as the scanning velocity increases. The increment of optimized dimensionless heat source intensity is small compared with the increase of scanning velocity from 0.075 to 0.175. It is necessary to let the sintering depth penetrate past the bottom surface of the loose powder layer slightly in order to bond the layers together.
The combined effects of dimensionless moving heat source intensity and scanning velocity on the sintering process when there are two sintered layers below are shown in Figure 6 . The shape of the liquid pool at each scanning velocity is similar to those in Figure 5 . As an extra sintered layer is added, the heat source intensity at each value of the scanning velocity increases significantly in order to obtain the same sintering depth in the loose powder layer. More heat is conducted away from the loose powder layer, since the dimensionless thermal conductivity of Figure 11 . Optimized N i versus U.
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the sintered region is larger than that of the loose powder layer. The numerical simulations are then performed for more sintered layers below that of the loose powder, and the results are shown in Figures 7-10 . Figures 7-10 show the same general trend as Figures 5 and 6 , namely, that with an increasing number of underlying sintered layers, the moving heat source intensity at each scanning velocity is significantly increased. The increment of heat source intensity is similar when the added sintered layer has the same thickness. The liquid pool in the sintering process still maintains a similar shape, but its volume grows because of the larger heat source intensity needed. The fluctuation in the front side of the liquid pool also grows with an increase of sintered layers below. In order to obtain an empirical correlation for the optimized dimensionless moving heat source intensity, a parametric study was performed, the results of which are shown in Figure 11 . The parameters used in the simulation are shown in Table 1 . The optimized dimensionless moving heat source intensity, N i , is plotted as a function of scanning velocity, U, and the number of sintered layers beneath the powder layers. It can be seen that the optimized dimensionless moving heat source intensity increases with increasing scanning velocity and rises significantly when the number of underlying sintered layers is increased. The optimized dimensionless moving heat source intensity shown in Figure 11 can be correlated into the following expression: (14) is within 10%.
CONCLUSIONS
Melting and resolidification of a loose metal powder layer without and with multiple sintered layers underneath have been investigated numerically. The results show that the sintering depth and the shape of the liquid pool are affected significantly by the thickness of the loose powder layer, moving laser beam intensity, and scanning velocity. The optimized dimensionless moving heat source intensity increases with increasing scanning velocity in order to achieve the desired sintering depth and bond the newly sintered layer to the previously sintered layer. As the number of previously sintered layers below is increased, the optimized dimensionless moving heat source intensity at a specific scanning velocity increases significantly. An empirical correlation of the dimensionless moving heat source intensity at a specific thickness of the powder layer has been obtained. 
